TiNx thin films were deposited by reactive magnetron sputtering on glass and stainless steel substrates by using a Ti interlayer to reinforce the adhesion of ΤϊΝχ. In order to control the reactive sputtering processes the effect of bias voltage Vb on the substrate and the N2 flow rate in the chamber were extensively investigated by means of in-situ spectroscopic ellipsometry. The most precious optical parameter is the plasma energy ωρ (ε|(ω)=0), which was found to depend strongly on the film stoichiometry. It was found that ΤΐΝχ films were deposited for N2 flow rate larger than 1.9 seem leading to stoichiometric TiN films at about 2 seem with Vb=-120V. On the other hand bias voltage affects both film stoichiometry and deposition rate. The ΤΐΝχ films are polycrystalline with grain size of about 150Ä as confirmed by electron microscopy. The ellispometric spectra were analyzed by the Effective Medium Theory giving the opportunity to investigate in-situ the growth mechanism and the composition of the ΤίΝχ films.
INTRODUCTION
Titanium nitride (ΤίΝχ) thin films exhibit a unique combination of high hardness, good chemical inertness, beautiful lustrous colour and excellent wear resistance and thus are widely used as wear-resistant coatings for tools and wear parts and surface decoration for commercial goods.
A number of chemical (CVD) and physical (PVD) vapor deposition techniques are currently available for the deposition of ΤίΝχ films. The CVD methods are limited due to the high temperature required during processing and the difficulties to control the films stoichiometry. On the other hand TiN films prepared by reactive sputtering are known to be good for both wear-resistant coatings and diffusion barriers in metallization technology of Si devices, [l, [4] [5] [6] [7] [8] [9] [10] An these properties concern the stoichiometric TiN films and a cubic crystalline structure termed the δ-TiN phase. There exist many techniques to measure the stoichiometry of thin layers e.g. Auger Electron Spectroscopy (AES), X-ray diffraction (XRD), Rutherford Backscattering Spectroscopy. However, most of these techniques introduce errors, e.g. AES, in the composition determination because the Ar ion beam induces preferential sputtering of the TiN films. Thus it is important to be able to characterise the deposited films even during their growth.
Although several papers on ΤίΝ χ film deposition have already been published there is still a need for new methods for process control of reactive sputtering processes, since the film stoichiometry, structure and morphology are very important for the range of ΤίΝ χ applications. On the other hand, optical access to a surface in high vacuum is required for many presently and potentially important reasons. For example, in-situ and real-time information about thin film deposition has been recently obtained by optical techniques including Spectroscopic Ellipsometry (SE) suggesting that the widespread use of optical techniques for monitoring and controlling film deposition is inevitable.
In our work we report on the growth of TiN x and stoichiometric TiN thin films by reactive magnetron sputtering. In-situ monitoring by SE was used in order to determine the ΤϊΝ χ films stoichiometry by means of the plasma energy and to control the initial stages, the thickness and the deposition rate. The results are compared with electron microscopy observations. The effect of bias voltage and N 2 flow rate on the the TiN x stoichiometry and microstructure is also discussed and the optimum conditions to deposit stoichiometric TiN were found
EXPERIMENTAL
The reactively sputtered TiN x films were deposited in an Alcatel SCM 600 rf and dc magnetron sputtering system, with an in-situ ultra fast spectroscopic ellipsometer, the UNISEL of Jobin-Yvon, mounted on it. The chamber diameter is 60cm with base pressure less than lxl0" 7 mbar and consists of four targets placed in the middle of its four base quadrants. Directly opposite of each target, there are four substrate stations. The substrate to target distance can be adjusted in the range between 55mm and 104mm. The main chamber remains under ultra high vacuum by means of a load-lock system that helps us to keep the main pressure lower than 5xl0" 7 mbar, even while loading a new sample.
The configuration of the ellipsometer is as follows. The light source is a 75W Xe short arc lamp. Light propagates through optical fiber to a polarizer and a modulator at azimuthial position Μ and oscillating at a frequency of 50KHz then, passing through low-strain, fusedquartz windows, it is reflected on the sample under an angle of 70.5°. Finally, the reflected light passes through the analyser at azimuthial position A, an optical fiber and the monochromator, which is the last element of the optical system before data collection and processing.
The TiN x thin films were deposited on Ti substrates by dc reactive magnetron sputtering from a Ti (99.999%) target. The actual substrate was either glass or stainless steel (SST). All Ti layers were deposited for 60sec using 500W dc power. The Ti interlayer was used to reinforce the adhesion of the TiN x films on glass and stainless steel. The working gas was Ar (99.999%) whereas N 2 (99.999%) was used as reactive gas. The gases were controlled by independent mass flow controllers and were mixed before they entered the chamber. The Ar flow was kept constant at 15sccm and at a partial pressure of 7.5 x 10" 3 mbar. Other deposition conditions which were kept constant are the discharge power on Ti target 450W, the substrate to target distance 65mm, while the working pressure was in the range from 7.5 to 10 x 10" 3 mbar.
The TiN x films presented in this work were deposited directly or in sequential thin layers and after every layer was deposited, its ellipsometric spectra was obtained in the energy region 15 -5.5eV with a step of 20meV. The time interval between the deposition of two successive layers was about 6min. The deposition conditions varied were the bias negative voltage from -25V (floating) to -150V, the N 2 flow rate (Φν^ f rom lsccm to lOsccm and the films were grown at room temperature.
IN-SITU MONITORING BY MODULATION SPECTROSCOPIC ELLIPSOMETRY
Ellipsometry measures the ratio ρ = r f Jr s = tanv|/.e iA between the parallel (p) and perpedicular (s) complex reflection coefficients of the electric field at an angle of incidence 8 and photon energy
The difference between conventional and modulation ellipsometry is that the latter uses a modulator oscilating at 50KHz between the polarizer and the sample providing in the technique a higher speed of about two orders. As a result light coming out of the modulator consists of two orthogonal components (p,s) having a modulated relative phase differense 6{t) = A sinco 0 t with ω 0 = 2n 50 KHz.
After the reflection of the light from the sample the polarization is modulated with frequency ω 0 , so the final signal measured in the detector is:
(1)
For a specific orientation of the azimuthial positions of A and Μ simple determination of the ellipsometric angles can be achieved For example, when M=0° and A=45° the ψ and Δ can be obtained by using the following expressions:
S, -= sin2v sin2A , (2a)
From the ellipsometric angles ψ and Δ we can easily calculate the complex dielectric function ε(ω) = ε 1 +ίε 2 or the index of refraction η^ω) (=ε(ω)) in the two-phase model (ambient/film) through the expression <έ(ω)> = <ει+ΐε 2 
1+P J
In the case that the film thickness is much thicker than the penetration depth, the measured ε(ω) spectra corresponds to the dielectric function of the film because no information of the substrate is involved However, for very thin films because ellipsometry measures the complex reflection of the whole system (ambient/thin film/substrate) the measured <ε(ω)> is referred as pseudodielectric functioa For example, in Figs.l and 2 we show representative real parts of the <ε> and the normal reflectivity (R), in the energy region 1.5 to 5.5eV respectively, of sequential deposited TiN thin layers at a bias voltage -120V and of 3sccm on Ti. The dielectric function and R spectra of TiN thick film, shown in these figures, were obtained for deposition time larger than 200sec, while that of Ti was obtained just before the TiN deposition. The measured ε^ω) and R of the stoichiometric TiN layers and films presented in Figs. 1 and 2 are highly Drude-like in the IR and visible energy region and is mainly due to the intraband absorption. The energy where ε2 passes through zero is generally referred as unscreened plasma energy. In the case of TiNx, interband absorption is occurred in the visible energy region and causes a positive contribution to ε^ω). This contribution to ε1 shifts the energy point at which εχ(ω)=0 to a lower energy and a screened plasma resonance occurs at an energy ω=ωρ. Around this energy an abrupt drop is also observed in the reflectivity spectra. This behaviour is strikingly similar to that of the noble metals where the interband transition is responsible for the characteristic colour.
Especially in stoichiometric TiN the first interband transition occurs in the same energy as in gold and therefore exhibits a gold like colour. The electronic and optical properties of TiNx depend very sensitively on its actual nitrogen content Of special interest is the adjustable plasma energy ω of TiNx , which depends strongly on the stoichiometry of the material^1 4 ]
The unscreened plasma energy is related to the density of free carriers. Consequently, as the plasma energy is proportional to the free electrons in the TiNx and as the density of the free electrons is mainly due to Ti content in the material, the decrease of free electrons with increasing nitrogen content in the TiNx film will result to a decrease in the plasma energy cop. Therefore, when the molar χ increases the ωρ decreases and the colour of the sample changes from grey to yellow or goldish (x =1) and then to brown for overstoichiometric material.
In order to determine the TiNx films stoichiometry during deposition we use the value of plasma energy ωρ that was found to be about 2.60eV when x=l, and less than 2.60 eV for χ larger than 1. Many authors have already used the energy position of the minimum (see for example Fig.2 ) observed in the reflectivity spectra in order to estimate the TiNx stoichiometry. However, the reflectivity minimum does not correspond exactly in the plasma energy and the energy position where appears roughly estimates the materials stoichiometry. Furthermore, ex-situ electron microscopy, XRD and AES studies were performed on the same specimens to confirm the results obtained by in-situ SE. In particular, the stoichiometry of the deposited TiNx films were studied by standard 8-28 x-ray diffraction and AES and verified the results from SE.
Transmission electron microscopy studies, both plane view (TEM) and cross sectional (XTEM), were performed under 120KV and revealed polycrystalline material with columnar growth as will be discussed below.
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Photon Energy (»V) Figure 3 shows the ε^ω) of TiNx and Ti layers deposited on SST with Vb=-120V and N2 flow rate 7.5sccm. The Ti interlayer of about 800Ä thick was first deposited to enhance the adhesion of the TiNx film on SST. The TiNx film shown in this figure is overstoichiometric because of N2 flow rate that was 7.5sccm as we will discuss below. As we can see there is no great difference between the ε^ω) presented in Figs 1 and 3 suggesting that both the materials stoichiometry and microstructure are similar. Figure 4 shows the dependence of ωρ (^>=0) on the bias voltage and the deposition rate. The ωρ (<8j>=0) tends to a steady value at deposition time larger than 160sec while it takes high values at small values of time t. This does not mean that at the beginning of the deposition the film is of different stoichiometry changing progressively to its final stoichiometry. In fact, when the film is very thin, light penetrates into the underlying Ti so that the measured ε(ω) has contributions from both TiN and Ti films and ^(ω)) is zero at an energy that progressively tends to the value ω of the thick film. So when the ΤϊΝχ film becomes thick enough, more than 600Ä, for the light to penetrate it, the measured dielectric function and the ω are those of the deposited film. The dashed horizontal line in this figure denotes the position of the stoichiometric TiN. Also referring to Fig. 4 we note that increasing bias voltage, the re-sputtering of the growing film is enhanced due to bombardment by working gas atoms, a result that is in agreement with that of Refs. 10 and 17. In fact, the re-sputtering mostly reinforces the removal of N2 against Ti removal from the film surface, because Ti-N bonds are weaker than Ti-Ti bonds. Therefore, mainly because of this, an increase of bias voltage while keeping all other conditions constant, will result to a decrease of N2 content in the film. This can be seen in Fig. 4 where for the same time of deposition, the ω (<Εγ=0) is higher for higher bias voltage (note for example the difference between -25 and -120V bias voltage). Finally, from this figure it is obvious that stoichiometric TiN (cop=2.60eV) is obtained only at -120V bias voltage and overstoichiometric for lower bias voltages. Figure 5 shows the plasma energy of a TiNx film measured during growth versus deposition time at different N2 flow rate with -120V bias voltage. The solid horizontal line denotes the ωρ of stoichiometric TiN. It is seen that large N2 flow rate develops overstoichiometric TiN and stoichiometric TiN is obtained for N, flow rate about 2 seem. In Fig. 6 is shown the ωρ as a function of N2 flow rate in a number of TiNx films deposited with bias voltage -120 V. We note here that TiNx is formed for N2 flow rate greater than 1.9sccm, a fact that will be discussed later. According to this figure stoichiometric TiN is formed for N2 flow rate between 2 and 2.5sccm and overstoichiometric TiNx for larger N2 flow rates, a fact that is in agreement with the results obtained from Fig. 5 . Fig. 7 shows the effect of N, flow rate on the deposition rate of the deposited ΤΐΝχ films. For N2 flow rates less than 1.9sccm a high deposition rate is seen. However, we have found by SE that a Ti film with incorporation of N2 probably in interstitial position is formed within this range of N2 flow rates. A transition to ΤϊΝχ formation is observed when the N2 flow rate reaches and exceeds L9sccm. Thus, the abrupt drop in deposition rate observed in Fig.7 for N2 flow rates larger than L9sccm denotes the formation of ΤίΝχ. By increasing the N2 flow rate in the chamber there is progressively more N2 available to react with the Ti target. This leads to ΤίΝχ formation on a fraction of the target surface and causes a great reduction in the sputtering rate compared to that of TL Therefore, as can be seen in Fig.7 , the depostition rate of ΤϊΝχ is smaller by a factor 4 to 5 than that of Ti with N2 in the lattice.
RESULTS AND DISCUSSION
The description of the dielectric response of heterogenous materials, including both compositional and shape aspects, is the objective of an effective-medium theory. A composite film has an effective dielectric function depending on the constituent fractions shape and sizeJ 18, 19 
where εχ and εν are the dielectric function of TiNx and voids components, respectively, and fx is the fraction of TiNx component. In case that the thickness of the deposited TiNx film is less than the penetration depth, the three-phase model (ambient-TiNx film-substrate) fits the experimental <ε(ω)> spectra and provides the thickness d and the material constituents. The reference dielectric function of TiNx was from the thick film and that of Ti the dielectric function measured before deposition. In contrast, when the film is thicker than about 600 Ä the two-phase model (ambient-thick film) fits the experimental ε(ω) spectra and we can only obtain the material constituents, e.g. TiN, Ti and voids, volume fractions. The former procedure provided us the possibility to extract precious information about the existence of interfacial layers and to calculate the growth rate of the deposited TiNx layers and their dependence on the deposition conditions. For example, in Fig. 8 is shown the thickness of the deposited layers with a bias voltage -120V versus the deposition time calculated with the above procedure. The deposition rate calculated by this figure is 3 Ä/sec, while was found to vary in the range from 2.5 to 5Ä/ sec for bias voltage between -150V and -25V, respectively. Furthermore, results of the above analysis for the volume fraction of the constituents for TiNx deposited on Ti at -120V bias voltage provide information about the initial stages of growth and film composition. In particular, it is found that TiN is deposited from the first stages of growth and a gradated interfacial layer of about 80 X thick consisting of TiN and voids is being observed The above results together with those from XTEM observations suggest that the conditions under which extensive microstructural coalescence occurs are those that ultimately lead to a higher density microstructureJ 14 ' Figure 9 depicts the TEM micrograph in bright field and the corresponding electron diffraction pattern of a TiNx film deposited on Ti with -120V bias voltage. It is evident that the structural pattern becomes distinct and confirms that the film structure is amorphous with crystalline phases mixed. The average grain size is about 150Ä. The diffraction pattern shows characteristic diffraction rings that correspond to polycrystalline cubic material with lattice parameter about 4Ä. These results are also supported by XTEM micrographs that exhibit columnar growth morphology and an almost perfect TiN/Ti interface.
CONCLUSIONS
In summary, we have shown that monitoring of the reactive sputtering by in-situ SE the growth, stoichiometry and composition of TiN x films can be controlled. Furthermore, it is found that the substrate bias voltage and the N 2 flow rate are the most important parameters in deposition of ΤΐΝ χ films by reactive sputtering. Stoichiometric TiN is obtained with bias -120V and N 2 flow rate between 2-2.5sccm. All the above analysis denoted that the plasma energy ω ρ obtained from SE spectra can be successfully used for the stoichiometry determination of ΤίΝ χ films.
